occurred for susceptible but not resistant strains within 5 to 7 days of incubation. Breakpoint concentrations between susceptibility and resistance were determined by comparing these results with those obtained by reference techniques. Full agreement was found in 99% of the assays with the resistance ratio method on Lowenstein-Jensen medium, and 98% of the assays were in full agreement with the radiometric system (BACTEC). A main advantage of the bioluminescence method is its rapidity, with results available as fast as with the radiometric system but at a lower cost and without the need for radioactive culture medium. The method provides kinetic data concerning drug effects within available in vivo drug concentrations and has great potential for both rapid routine susceptibility testing and research applications in studies of drug effects on mycobacteria.
Testing of Mycobacterium tuberculosis susceptibility to antimycobacterial agents on the basis of growth on solid media requires 3 to 4 weeks of incubation (2, 3) . Among these methods, the resistance ratio method on LowensteinJensen medium (2) is most used in Europe, while the plate proportional method on 7H10 agar (3) is the main method used in the United States. To achieve more rapid susceptibility testing, alternative techniques based on bacterial growth in broth cultures have been adapted. The rapid radiometric system (BACTEC) quantifies 14CO2 produced by mycobacteria growing in broth containing 14C-labeled palmitic acid (4) . Results are provided after 1 week of incubation, and susceptibility is defined as a 99% reduction of the metabolic activity of a drug-exposed culture compared with that of an unexposed control culture (9) . This technique is widely used, and the results are in good agreement with those of reference methods on solid media (4, (8) (9) (10) (11) .
The firefly bioluminescence assay of bacterial ATP has been used for studies of effects of antimicrobial agents on various bacteria (6, 7) and for rapid susceptibility testing of M. tuberculosis (1) .
The aim of this study was to evaluate this technique for rapid susceptibility testing of M. tuberculosis by comparing it with the resistance ratio method on Lowenstein-Jensen medium and with the rapid radiometric system (BACTEC).
MATERIALS AND METHODS Bacterial strains. M. tuberculosis H37Rv and 25 clinical isolates of the same species with different patterns of susceptibility to antimycobacterial agents were obtained from the culture collection of the National Bacteriological Laboratory.
Antimycobacterial agents. Stock solutions of 10,000 pLg of active drug per ml were prepared from ethambutol (Cyanamid of Great Britain Ltd., Gosport, England), isoniazid (Ferrosan, Malmo, Sweden), rifampin (Ferrosan), and streptomycin (Glaxo Laboratories Ltd., Greenford, England). standard. The same inoculum was added to one drug-free vial (control A), and for determining the 1% proportion of resistance, another drug-free vial (control B) was inoculated with a 100-fold dilution of that inoculum. The amount of 14CO2 produced as a result of the bacterial metabolic activity was measured in a BACTEC 460 instrument (Johnston Laboratories). The result was expressed as a growth index. A culture was considered resistant to a tested drug when the daily increase of the growth index of that culture in a drug-containing vial was greater than that of the culture in the diluted control vial (control B), when the growth index of the culture in this vial was at least 30. Results of tests with cultures in which the recorded growth index of control B was below 30 after a week of incubation were disregarded, and the test was repeated with a higher inoculum.
Resistance ratio method. Series of tubes with LowensteinJensen medium containing twofold dilutions of ethambutol (0.5 to 16 ,ug/ml), isoniazid (0.06 to 8 ,ug/ml), rifampin (5 to 16 ,ug/ml), and streptomycin (2 to 64 ,ug/ml) were inoculated with the strains to be tested and the susceptible standard strain H37Rv. The ratio between the MICs for the strain to be tested and the standard strain H37Rv was calculated. A ratio of 4 After further dilution to the indicated inocula, 0.5 ml was added to tubes containing antimycobacterial agents, and the tubes were incubated at 37°C.
Extraction of mycobacterial ATP. A 50-,lI sample from the mycobacterial culture was pipetted into 500 of boiling 0.1 M Tris buffer (pH 7.75) containing 2 mM EDTA. After heating for 90 s in a LKB Biocal 2073 incubator (LKB Products, Bromma, Sweden), the extracts were cooled to room temperature before assay of mycobacterial ATP.
Bioluminescence assay of mycobacterial ATP. ATP monitoring reagent (100 ,ul) (LKB-Wallac, Turku, Finland) was added to each extract (550 pul), and the light intensity was measured in a 1250 Luminometer (LKB-Wallac) and recorded on a 1250 Display (LKB-Wallac). Sample ATP levels were calculated by using assay of standard amounts of ATP as reference, and correction for background luminescence was made.
RESULTS
The mycobacterial ATP levels in cultures of M. tuberculosis H37Rv, exposed to 10-fold dilutions of the antimycobacterial agents, are shown in Fig. 1 . Growth inhibition was recorded after 2 days of exposure to effective drug concentrations. A decrease below the ATP level of the inoculum, indicating a bactericidal effect, occurred after 5 to 7 days of incubation with isoniazid, rifampin, and streptomycin ( M. tuberculosis H37Rv and four clinical isolates, classified as resistant by the resistance ratio method, were exposed to various concentrations of antimycobacterial agents for 5 days (Fig. 2) . A dose-dependent decrease in mycobacterial ATP levels was found in cultures of the susceptible reference strain (H37Rv) after exposure to all the agents (Fig. 2) . At high concentrations of isoniazid, rifampin, and streptomycin, the ATP levels decreased below the ATP level of the inoculum, indicating bactericidal effects. The ATP levels in the cultures of the resistant isolates were not affected by the agents, even at the highest concentrations tested (Fig. 2) .
Inocula of approximately 104 and 106 CFU/ml of 25 clinical isolates of M. tuberculosis were exposed to serial twofold dilutions of the antimycobacterial agents for 7 days. The mycobacterial ATP level was plotted as the percentage of the ATP level in an unexposed control culture (ATP index). The results obtained with 104 CFU/ml are shown in Fig. 3 . These results were used to find concentrations that discriminated susceptible and resistant strains by comparing the results with those obtained by the resistance ratio method and the radiometric system (BACTEC) with 5 ,ug of ethambutol, 0.2 pig of isoniazid, 2 p.g of rifampin, and 4 pug of streptomycin per ml. At the discriminating concentration (breakpoint), the ATP index had to be less than 0.1 to classify the strain as susceptible by the bioluminescence assay. By using this criterion, the following breakpoints were defined (micrograms per milliliter): ethambutol, 2.5; isoniazid, 0.25; rifampin, 0.25; and streptomycin, 0.31 (Fig.  3 ). as susceptible (---) or resistant (-) to ethambutol, isoniazid, rifampin, and streptomycin by the resistance ratio method. The mycobacteria (104 CFU/ml) were exposed to the antimycobacterial agents for 7 days, and the mycobacterial ATP levels in the cultures were plotted as percentages of each unexposed control culture. The defined breakpoint for each agent is indicated with an arrow.
Full agreement between the bioluminescence assay and the resistance ratio method was found in 103 of 104 susceptibility tests (99%), and with the concentrations indicated above, 102 tests (98%) were in full agreement with the radiometric system (Table 1) . One strain (15867/81) was classified as susceptible to streptomycin (4 ,ug/ml) by the radiometric system but resistant by the other two methods (Table 1) . Another strain (9630/83) was slassified as resistant to ethambutol by the bioluminescence assay but susceptible by the resistance ratio method and the BACTEC system (ethambutol, 5.0 jig/ml) ( Table 1) .
Some of the resistant strains had lower ATP indices than other resistant strains at high concentrations of the antimycobacterial agents (Fig. 3) . Most of these strains had comparable low delta growth indices, determined by the radiometric system and low ratios, determined by the resistance ratio method (Table 1) .
DISCUSSION
This study shows that growth of M. tuberculosis can be monitored by bioluminescence assay of mycobacterial ATP and that growth monitored by this method in antimicrobial agent-exposed cultures allows for rapid susceptibility testing.
In susceptibility testing of bacteria, it is important to use an inoculum of the proper size. If it is too small, the proportion of resistant bacteria necessary for the arbitrary criteria for resistance will not be detected. On the other hand, if the inoculum is too large, the growth of resistant variants, present in low frequencies, will simulate resistance. Therefore, we used both small (104 CFU/ml) and large (106 CFU/ml) inocula. The bioluminescence assay detected effects on mycobacterial growth within 5 to 7 days with both inocula, but when the larger inoculum (106 CFU/ml) was used (data not presented), the breakpoints, which discriminated resistant from susceptible bacterial strains, had to be shifted toward higher concentrations of the drugs, and because of relatively high ATP levels of the inoculum, the ATP index at the breakpoint concentrations had to be higher than when the smaller inoculum (104 CFU/ml) was used. The optimal assay was obtained when the smaller inoculum was used, which is in agreement with the observations presented by Beckers et al. (1) . There was a pronounced discrimination between resistant and susceptible strains for isoniazid and rifampin by the bioluminescence assay (Fig. 3) . This made it easy to choose breakpoints that gave full agreement with the reference methods. However, the effects at low concentrations of rifampin on mycobacterial ATP were more pronounced in the bioluminescence assay than in the other two methods. This is in agreement with results presented by Beckers et al.
(1) using Dubos-Tween-albumin broth. The pronounced effect of rifampin at low concentrations is probably due to the presence of Tween 80 in the growth media (1; see above).
The occurrence of strains with different levels of resistance to ethambutol and streptomycin made it more difficult to define breakpoints of these agents. This has also been discussed in comparisons between the radiometric method and methods based on growth on solid media (4, 12) .
Overall, the results obtained by the bioluminescence method were shown to be in good agreement with the results of both the resistance ratio method (99%) and the radiometric system (98%). The main advantages of the bioluminescence assay compared with the resistance ratio method are the rapidity of the ATP assay and the available kinetic data concerning drug effects within achievable in vivo drug concentrations. Several similarities were found between the bioluminescence assay and the radiometric system. The results are available in the same amount of time; both techniques are based on broth cultures, which allows for the use of drug concentrations obtawinable in vivo; and both methods are suitable for routine uge in a mycobacteriological laboratory. The advantages of the bioluminescence assay are the lower initial cost of the analytical equipment, the lower reagent cost per analysis, and the use of nonradioactive culture medium.
We conclude that the bioluminescent assay has great potential both for routine susceptibility testing of M. tuberculosis and, because of the kinetic data obtained, for research applications in the study of mycobacterial resistance, screening of new drugs, and drug synergy.
